Abstract The purpose of this study was to investigate the differentiation in muscle tissue characteristics and recruitment between the deep and superficial multifidus muscle by magnetic resonance imaging. The multifidus is a very complex muscle in which a superficial and deep component can be differentiated from an anatomical, biomechanical, histological and neuromotorial point of view. To date, the histological evidence is limited to low back pain patients undergoing surgery and cadavers. The multifidus muscles of 15 healthy subjects were investigated with muscle functional MRI. Images were taken under three different conditions: (1) rest, (2) activity without pain and (3) activity after experimentally induced low back muscle pain. The T2 relaxation time in rest and the shift in T2 relaxation time after activity were compared for the deep and superficial samples of the multifidus. At rest, the T2 relaxation time of the deep portion was significantly higher compared to the superficial portion. Following exercise, there was no significant difference in shift in T2 relaxation time between the deep and superficial portions, and in the pain or in the non-pain condition. In conclusion, this study demonstrates a higher T2 relaxation time in the deep portion, which supports the current assumption that the deep multifidus has a higher percentage of slow twitch fibers compared to the superficial multifidus. No differential recruitment has been found following trunk extension with and without pain induction. For further research, it would be interesting to investigate a clinical LBP population, using this non-invasive muscle functional MRI approach.
Introduction
It is widely accepted that dysfunction of the lumbar multifidus (MF) has an important impact on the etiology and recurrence of low back pain (LBP) [1] [2] [3] [4] [5] . Therefore, exercises to restore optimal MF function are commonly implicated in current rehabilitation strategies [5, 6] . More recently, attention has been focused on the deepest fibers of the MF muscle [7] [8] [9] .
The MF is a very complex muscle in which a superficial and deep component can be differentiated from an anatomical [10] , biomechanical [11] , histological [12] and neuromotorial [13] point of view.
Typically for the MF is the anatomical organization in multiple fascicles. These fascicles insert cranially on the spinous process and lamina of each lumbar vertebral level. The greatest muscle mass consists of the most superficial fibers, which cross more than two spinal levels and insert caudally onto the mamillary process, lamina and posterior superior iliac spina and dorsal sacrum [10] . The deepest fibers of the lumbar MF, which cross just two spinal levels and insert caudally onto the lamina, mamillary process [10] and zygophysial joint capsule [14] are often referred to as the deep MF [8] .
The specific architecture of the deep and superficial fascicles of the MF has important biomechanical implications. The superficial fibers have a more optimal lever arm to produce sufficient torque to create extension of the lumbar spine. Therefore, it is assumed that the role of the superficial MF is to extend the lumbar spine in combination with the control of spine orientation due to enhanced spinal stiffness. In contrast to the superficial fibers, the deepest fibers are near the center of rotation of the lumbar vertebras, and therefore ideally placed to control intervertebral shear and torsion via intervertebral compression, with minimal associated torque. Therefore, it is believed that the primary role of these fibers is to provide segmental stabilization of the lumbar spine [10, [14] [15] [16] .
Due to the anatomical and biomechanical differentiation of the superficial and deep MF, a difference in fiber type distribution can be hypothesized: it is assumed that the deep MF has a higher portion of type I fibers compared to the superficial MF [8] . Type I fibers are slow twitch fibers, which are fatigue resistant and ideally suited to provide low load tonic activity. Type II fibers are fast twitch fibers, which are less fatigue resistant, but able to produce a higher load activity [17] . To date, there is only scarce evidence that the deep portion of the MF has a higher percentage of type I fibers compared to the superficial MF [8, 12] .
The standard method for determining fiber type is by muscle biopsy. Due to the invasiveness of reaching the deepest fibers of the MF, histological research is restricted to studies on LBP patients undergoing surgery or postmortem studies. An alternative, noninvasive and in vivo method for determining muscle fiber type composition and distribution is by magnetic resonance imaging (MRI) [18] . MR signals are strongly related to the histochemical composition of the tissue. All tissues have specific ranges of T2 relaxation times (i.e., bone is different from muscle) and even within a muscle there may be differences in T2 times [18] . There is evidence that the T2 relaxation time is longer for slow twitch muscles compared to fast twitch muscles [19] [20] [21] . Therefore, it would be interesting to investigate if there is a difference in T2 relaxation times between the deep and the superficial MF.
Despite the anatomical, biomechanical and histological differentiation between the deep and superficial MF, few studies have compared neuromuscular control of the different components within the muscle [13] . Moseley et al. were the first to use selective intramuscular EMG electrodes to investigate deep and superficial MF activity. They provided evidence that the deep and superficial fibers were differentially active when the stability of the spine was challenged during movements of the arm [13] or a predictable perturbation of the trunk [22] .
Recently, MacDonald et al. [23] demonstrated that the deep MF fibers were recruited before the superficial fibers during rapid arm movement in healthy subjects, whereas in LBP patients the muscle onset of the deep fibers was delayed. A specific approach to gain insight into the mechanisms of changed muscle activity during LBP is by induction of pain in healthy subjects. The advantage of using experimentally induced pain is that it provides a clear model to investigate the cause-effect relationship of nociceptor stimulation on motor control. Hodges et al. [24] investigated feedforward recruitment of the lumbar multifidus during experimentally induced LBP. Although expected, the authors found no consistent change in recruitment of the deep and superficial MF.
Evidence of differential MF activity in healthy subjects and in LBP patients is limited due to the difficulty in investigating the deep fibers, requiring invasive techniques, such as intramuscular EMG.
Muscle functional MRI (mfMRI) is an innovative, noninvasive method to investigate muscle recruitment. The method is based on changes in nuclear magnetic resonance transverse relaxation time (T2) of muscle water due to activity. Activated muscles show an acute increase in T2 relaxation time, which is reflected in the enhanced signal intensity of the recruited muscles [25, 26] .
The mfMRI technique has been used before to investigate muscle recruitment in various muscles [27] [28] [29] and also specifically in lumbar back muscles [30, 31] during exercise.
One of the advantages of MRI is that not only a whole muscle, but also specific regions within a muscle can be investigated [25, 26, 30] . The recruitment patterns within the quadriceps muscle [32] and gastrocnemius muscle [33] have been evaluated before. To our knowledge the recruitment pattern within the MF muscle has never been investigated before with mfMRI.
Therefore, the aims of this study were to determine (1) whether a difference in T2 relaxation time can be detected between the deep and superficial MF, (2) whether mfMRI can demonstrate a difference in recruitment between the deep and superficial MF following exercise in healthy subjects and (3) whether mfMRI can demonstrate a difference in recruitment between the deep and superficial MF following exercise during experimentally induced LBP.
Methods

Subjects
Fifteen healthy male subjects volunteered for this study. Their mean age, height and weight were 23.33 (SD 0.82) years, 179.27 (SD 4.10) cm and 72.20 (SD 7.93) kg, respectively. Potential subjects were excluded from participation if they had any past or current back pain or if MRI was contraindicated. All procedures were approved by the Ghent University Ethics Committee and each volunteer signed a written informed consent.
Experimental setup/protocol
A static-dynamic trunk extension exercise was used to activate the MF muscle. The static-dynamic exercise has been proven to activate the MF muscle to a higher extent compared to a dynamic exercise [34] . The exercise was performed on a variable angle chair, with the trunk supported at 45°of flexion. Hands were placed on the shoulders and legs were strapped to the chair. The subjects had to extend their upper body until horizontal. To standardize the horizontal position, a sensitive cue was provided by a rope (Fig. 1 ). Subjects were instructed to raise their trunk in 2 s, hold the horizontal position for 5 s and to lower the trunk in 2 s [34] . The exercise intensity was set at 40% of one repetition maximum [31, 34, 35] . To achieve this intensity, the upper body weight of the subjects had to be lowered by a pulley. To control the volume, each subject had to perform ten repetitions.
Pain induction
Immediately before the second exercise bout, pain was induced in the longissimus muscle using a standard protocol [24, 31] . As much as 1.5 ml of 5% hypertonic saline was injected into the right longissimus muscle, 4 cm lateral to the L4 spinous process, at a depth of 2.4 cm [24] . After the saline injection, subjects scored the pain on a visual analog scale (VAS) between 0 (no pain) and 10 (worst possible pain). To be included in the study, pain intensity had to reach at least 3/10 [24] . mfMRI Images were obtained using a 3 Tesla Siemens Trio Tim scanner (Siemens Erlangen). The subjects were placed in the magnetic bore in a comfortable and relaxed supine position. A flexible surface coil, fixed over the participant's abdomen, was combined with the phased-array spine coil as a receiver coil combination.
Three axial images of the lumbar region were obtained: (1) at rest, (2) immediately following exercise without pain and (3) immediately following exercise during induced pain. The resting MRI was taken after 30 min of supine lying [30] . After the first exercise bout, subjects rested supine for 60 min to allow the trunk muscles to recover from the exercise [28, 30] .
A sagittal localizing sequence was performed every time the subject reentered the scanner to ensure a similar lumbar position in the magnet bore between repeated images.
A transaxial slice of 5 mm thickness was obtained from the L4 segmental level and was positioned parallel to the lower end plate of L4 (Fig. 2) . A CPMG (Carr Purcell Meiboom Gill) sequence was applied, which was valuable for measuring T2 relaxation times. The sequence had the following parameters: repetition time of 2,500 ms, echo train of 16 equidistant echos ranging from 10.1 to 161.6 ms, 256 mm field of view, 128 9 128 matrix, voxel size 2 9 2 9 5 mm, and a total scan time of 5 min and 24 s. Imaging procedures were identical for the resting scan and the scans after exercise.
Data analysis
After scanning, images were analyzed using Image J (Javabased version of the public domain NIH Image Software; Research Services Branch, National Institutes of Health). A T2 value (in ms) was determined for each voxel on the image, using the MRI analysis calculator plug in.
Next, the regions of interest (ROI) were defined on the T2 image; within the MF muscle, a sample of the deep fibers and a sample of the superficial fibers were outlined, avoiding nonmuscular tissue such as fat, fascia and vessels. The sample of the deep MF was taken immediately adjacent to the lamina of the L4 vertebrae and the sample of the superficial MF was taken at the superficial and lateral border of the muscle [13, 24] (Fig. 2) .
Sixteen echos were used in T2 calculation using a Simplex algorithm to fit the values from the specific slice in Fig. 1 Trunk extension exercise, horizontal position a T2 image volume to the exponential S n = S 0 exp(-Ten/ T2), (n = 1:16), where TE is echo time, S 0 is signal intensity at 0 ms, and S n is signal intensity at Ten.
The mean T2 relaxation time (ms) was derived for each ROI and used for further analysis.
The intraclass correlation coefficient for intra-rater agreement of the T2 values for the DM and the SM taken in nine different subjects was 0.923 and 0.826, respectively, indicating a good to excellent reliability.
Statistical analysis
Analysis was performed using SPSS statistical software (version 16).
Descriptive statistics (mean and standard deviation) were calculated for the T2 relaxation time (ms) and the shift in T2 relaxation time (ms) due to activity. The T2 shift is defined as the difference between the T2 relaxation time after exercise and the T2 relaxation time at rest.
The differences between the deep and superficial MF for the T2 relaxation time and the shift in T2 relaxation time were analyzed by means of a paired-sample t test. The left and right side were analyzed separately because the pain was only induced in the right longissimus muscle.
Results
T2 relaxation time
At rest, the T2 value was significantly higher for the deep, compared to the superficial, fibers of the multifidus. This significant difference was also present for the values obtained following exercise, with and without pain. The mean T2 values, standard deviations and p values are described in Table 1 .
Shift in T2 relaxation time following exercise
Both in the non-pain and the pain condition, the shift in T2 relaxation time following the extension exercise was not significantly different between the deep and superficial samples. The mean shift in T2 relaxation time, standard deviations and p values are represented in Table 2 .
Pain scores
After pain induction, the mean score for pain intensity on a VAS is 5.6/10 (±1.1). In the middle of the exercise bout, the pain intensity was scored as 5.9/10 (±1.4) and at the end of the exercise bout, immediately before scanning pain intensity was 5.3/10 (±1.6).
Discussion
In this study, histological and functional differences between the deep and superficial fibers of the MF were investigated using T2 relaxation times. The results of this MRI analysis show a significant difference between deep and superficial muscle tissue, whereas, no difference in [19] [20] [21] . Based on the anatomical and biomechanical differentiation between both components and the scarce histological evidence [12] , it is assumed that the deep muscle fibers have a higher percentage of type I fibers compared to the superficial MF. Our results are in line with this hypothesis and demonstrate a significantly longer T2 relaxation time for the deep, compared to the superficial, MF. To our knowledge, this is the first study to provide evidence for this hypothesis based on healthy subjects, as earlier research was limited to biopsies of muscle tissue in cadavers or LBP patients undergoing surgery [8, 12, 36] .
The second aim of the study was to determine whether mfMRI can demonstrate a difference in recruitment between the deep and superficial MF following exercise in healthy subjects. Previous mfMRI studies revealed that the MF muscle is significantly activated following trunk extension exercise [30, 31] . The results of the current experiment show no difference in activation between the deep and superficial fibers, which indicates an equal amount of activation of deep and superficial fibers during the trunk extension.
In contrast to our study, Moseley et al. [22] found differential activation of the deep and superficial fibers in tasks that challenge stability of the spine. During voluntary arm movements, the onset of the superficial MF was dependent on the direction of the movement, whereas the onset in the deep MF was independent of the direction of movement. This differentiation in timing has also been found in expected trunk loading, but not in unexpected perturbation of the trunk.
Comparison between the experiments of Moseley et al. and the current experiment should be done with caution, as different aspects of neuromotor control and different tasks were studied.
First, Mosely et al. investigated the timing of muscles, while in the current experiment the amount of activation was studied. A differentiation in timing between the deep and superficial MF does not require a differentiation in the amount of activity. Therefore, the results of both studies are not necessarily contradictory.
Second, there are clear differences between the arm movement task of Moseley et al. and the trunk extension in the present experiment. When the MF is recruited to stabilize the spine, for example during arm movement or trunk loading, there is need for a low load tonic contraction of the MF [13, 22] . A low load tonic contraction selectively activates type I (slow twitch) muscle fibers, as these have the lowest threshold for activation [37] . On the contrary, the static-dynamic trunk extension exercise in our experiment has been proven to highly activate the MF muscle [31, 34] . According to the size principle of motor unit recruitment, when the load on the muscle increases, more motor units will be recruited with an increasing contribution of type II (fast twitch) fibers [37] .
It can be hypothesized that there is only differential activation of the deep and superficial MF, when the low threshold motor units are recruited solely during low load contraction. As there is a higher portion of type I muscle fibers in the deep MF, this muscle part will be more activated compared to the superficial MF. When there is need to recruit more motor units, during higher load contractions, the superficial MF will be recruited with the help of the deep MF. This hypothesis is supported by the current evidence that the deep MF is recruited to provide segmental stabilization of the spine, while the superficial MF is recruited to provide trunk extension, combined with control of spine orientation [10, [14] [15] [16] .
The third aim of the study was to investigate whether mfMRI can demonstrate a difference in recruitment between the deep and superficial MF during induced LBP. An earlier mfMRI experiment of our researcher group proved that activity of the MF was significantly diminished in the pain condition [31] . In literature it is mentioned that the type I muscle fibers are potentially more susceptible to the adverse affects of pain [38] . Therefore, it could be hypothesized that the deep MF is more affected by pain, compared to the superficial MF. However, this hypothesis is not supported by our results as there is no difference in the shift of the T2 relaxation time following exercise in the pain condition.
Our results are in line with the results of another pain induction experiment. Hodges et al. [24] investigated muscle recruitment during arm movements after pain induction and, although expected, they did not find a consistent difference between the deep and superficial MF. These results from experimental studies are in contrast with a recent clinical study [23] . MacDonald et al. investigated the timing of the deep and superficial MF recruitment during an arm movement task in LBP patients and demonstrated delayed recruitment, specifically for the deep MF.
As there is a difference in results between the experimental and clinical LBP studies, it should be interesting to investigate a clinical LBP population using mfMRI.
The current study has some limitations. Using MRI as a noninvasive, in vivo technique to determine fiber type in skeletal muscles seems promising. However, to date, research is limited and the technique has to be further explored. Also, mfMRI for assessment of muscle activation patterns is an upcoming technique with new perspectives; however, further research is needed. The method has been intensively used before to investigate muscle activity of entire muscles [27, 29-31, 39, 40] ; however, the investigation of differences between samples within the same muscle is limited [32, 33] .
In conclusion, this study demonstrates differences in T2 relaxation time between the deep and superficial MF and supports the current assumption that the deep MF has a higher percentage of slow twitch fibers compared to the superficial MF. The use of MRI to investigate fiber type distribution seems very promising and has to be further explored, as there is need for a noninvasive and in vivo technique to determine fiber type.
No differential recruitment has been found following trunk extension with and without pain induction. For further research, it should be interesting to investigate a clinical LBP population, using this noninvasive mfMRI approach.
